The PA4203 gene encodes a LysR regulator and lies between the ppgL gene (PA4204), which encodes a periplasmic gluconolactonase, and, in the opposite orientation, the PA4202 (nmoA) gene, coding for a nitronate monooxygenase, and ddlA (PA4201), encoding a D-alanine alanine ligase. The intergenic regions between PA4203 and ppgL and between PA4203 and nmoA are very short (79 and 107 nucleotides, respectively). Here we show that PA4203 (nmoR) represses its own transcription and the expression of nmoA. A chromatin immunoprecipitation analysis showed the presence of a single NmoR binding site between nmoA and nmoR, which was confirmed by electrophoretic mobility shift assays (EMSAs) with the purified NmoR protein. Despite this observation, a transcriptome analysis revealed more genes to be affected in an nmoR mutant, including genes known to be part of the MexT LysR activator regulon. The PA1225 gene, encoding a quinone oxidoreductase, was the most highly upregulated gene in the nmoR deletion mutant, independently of MexT. Finally, deletion of the nmoA gene resulted in an increased sensitivity of the cells to 3-nitropropionic acid (3-NPA), confirming the role of the nitronate monooxygenase protein in the detoxification of nitronate.
P
seudomonas aeruginosa is a metabolically versatile Gram-negative bacterium that is also known as an important opportunistic pathogen (1) . Because of its capacity to adapt to different lifestyles, it is not surprising that the genome of this bacterium contains a large proportion of genes coding for transcriptional regulators of different families, two-component regulatory systems, and alternative sigma factors (2) (3) (4) . The most represented family of transcriptional regulators in P. aeruginosa is the so-called LysR family, as a search for "LysR" in the Pseudomonas Genome Database for strain PAO1 (http://www.pseudomonas.com) retrieved 121 regulators (5) . The LysR-type transcriptional regulators (LTTRs) form a large and diverse family of regulators with a conserved N-terminal helix-turn-helix DNA binding domain and a variable C-terminal domain that are generally responsible for the binding of an activating ligand (6) . One notable exception is the OxyR regulator, which is devoid of a ligand binding domain but orchestrates the response to oxidative stress via the oxidation of a couple of cysteine residues (7) . LTTRs generally activate a single gene or operon, transcribed divergently, while negatively autoregulating their own transcription. However, this is not an absolute rule, and LTTRs may activate or repress distantly located genes and operons and have a more global role in regulation (6) . This is the case for OxyR, which regulates several genes in Escherichia coli and has a surprisingly large regulon in P. aeruginosa (8) (9) (10) . At physiological pH, 3-nitropropionate (3-NPA), a nitro toxin produced by plants and fungi (11, 12) , exists in equilibrium with its conjugate base, propionate-3-nitronate (P3N) (Fig. 1A) .
The P3N monooxygenase activity converts P3N to malonic semialdehyde, generating nitrate, nitrite, and H 2 O 2 . Finally, malonic semialdehyde can be converted to acetyl coenzyme A (acetyl-ates, in this case probably gluconolactone (14) . Upstream of PA4203 are two genes transcribed in the opposite orientation: PA4202, annotated in the Pseudomonas Genome Database (http: //www.pseudomonas.com) as encoding a putative nitropropane dioxygenase, and ddlA, encoding a D-alanine-D-alanine ligase (Fig. 1B) . The PA4202 gene of Pseudomonas aeruginosa PAO1 was recently cloned and expressed, and the purified enzyme was shown to be active on P3N and other alkyl nitronates but could not oxidize nitroalkanes (16) , confirming that it is a nitronate monooxygenase (NMO) rather than a nitropropane dioxygenase. Hence, we decided to name the PA4202 gene nmoA (nitronate monooxygenase activity). Because of its possible involvement in detoxification of waste products (gluconolactone and nitronates), we were interested in gaining more insight into the regulatory network of PA4203 in P. aeruginosa PAO1. To compare gene expression in the wild type and a PA4203 deletion mutant, we combined a microarray analysis with a chromatin immunoprecipitation (ChIP) assay. We also characterized the in vitro complex formed with the purified recombinant regulator. An nmoA deletion mutant was generated, and we demonstrated that this gene is involved in tolerance against 3-nitropropionic acid, confirming its involvement in the detoxification of 3-NPA and P3N.
MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains and plasmids used in this study are presented in Table 1 . All strains were grown at 37°C with agitation in an Innova 4000 New Brunswick incubator (200 rpm). The P. aeruginosa strains were grown in Luria-Bertani (LB) medium and LB supplemented with 300 g/ml chloramphenicol (Cm) (strains containing the pBBR1MCS vector). The diaminopimelic acid (DAP) auxotroph E. coli WM3064 was grown in LB supplemented with 20 g/ml DAP (SigmaAldrich, Belgium). The yeast Saccharomyces cerevisiae InvSc1 was grown in YPD medium (20 The oprI gene was used as a housekeeping gene control because it is constitutively and highly expressed (29) . Lane L, 200-bp ladder from Eurogentec; lanes 6 to 8 and 10, the same amplifications as in lanes 1 to 3 and 5, but using genomic DNA; lane 9, the oprI primers (Table 2) were used to check for DNA-free RNA. The primer locations are indicated in panel C and are listed in Table 2 . (D) Relative gene expression of the ⌬nmoR mutant compared to wild-type PAO1. Black bar, PA4201 (ddlA); white bar, nmoA; no bar (gap), nmoR (no expression); gray bar, ppgL. Expression was normalized to that of the housekeeping gene oprI. The bars represent the means for three biological replicates. medium with uracil dropout; MP Biomedicals). Yeasts were grown at 28°C and 160 rpm. If growth conditions other than those mentioned above were used, the details are mentioned in the text below.
Construction of His-tagged NmoR protein for ChIP analysis. P. aeruginosa wild-type strain PAO1 (Vrije Universiteit Brussel [VUB] collection strain) was used in this study and modified as follows to construct a strain with an extrachromosomally encoded hexahistidine-tagged NmoR (PA4203) protein. First, a DNA fragment containing the entire coding region of NmoR was amplified using the primers PA4203-24F and PA4203-24R (Table 2 ) and ligated to the corresponding pET24a expression vector (Novagen) to generate pET24-4203. The encoded protein contains the carboxyl-terminal His tag sequence KLAAALEHHHHHH. Second, the entire coding sequence together with the C-terminal His tag was amplified and ligated into the low-copy-number, broad-host-range shuttle vector pUCP20 (17). The recombinant construct was then transferred to P. aeruginosa PAO1 via electroporation. The resultant strain was designated PAO1/pUCP4203.
ChIP was done following a previously described procedure (19) . Briefly, bacterial cells were grown in LB broth until early stationary phase (optical density at 600 nm [OD 600 ] ϭ 2.0), and formaldehyde was added to a final concentration of 1%. After incubation at room temperature for 20 min, glycine was added to a final concentration of 0.5 M. Cells were harvested by centrifugation, washed twice in ice-cold Tris-buffered saline (TBS; pH 7.6), and resuspended in 500 l of lysis buffer (10 mM Tris-HCl, pH 8.0, 20% sucrose, 50 mM NaCl, 10 mM EDTA). Lysozyme (2.5 mg) was added, and the cells were incubated for 30 min at 37°C. The DNA was sheared to an average size of 100 to 1,000 bp by a series of pulsed sonication steps (Branson Sonicator S250 analogue instrument with a 5-mm standard tip; 6 times for 60 s each at 90% duty on level 4). Insoluble material was removed by centrifugation at 13,000 ϫ g for 10 min, and 850 l of the cell extract supernatant from a His-tagged or non-His-tagged control bacterial strain was mixed with 750 l of immunoprecipitation (IP) buffer (50 mM HEPES-KOH, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% [vol/vol] Triton X-100, 0.1% [wt/vol] sodium deoxycholate) and phenylmethanesulfonyl fluoride (PMSF) (final concentration, 1 mM) and incubated with 20 l of protein G-Sepharose beads (Sigma) for 1 h at room temperature with gentle mixing. After removal of the Sepharose beads by gentle centrifugation, proteins were immunoprecipitated by adding 20 l of protein G-Sepharose beads (Sigma) coupled to a mouse anti-His monoclonal antibody (Novagen). The composite was incubated overnight at 4°C with gentle mixing. Samples were then washed twice with IP buffer, once with IP buffer containing 500 mM NaCl, once with washing buffer (10 mM Tris-HCl, pH 8.0, 250 mM LiCl, 1 mM EDTA, 0.5% [vol/vol] Nonidet P-40, 0.5% [mass/vol] sodium deoxycholate), and once with TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.5). Immunoprecipitated complexes were eluted by incubation of the beads with elution buffer (50 mM Tris-HCl, pH 7.5, 10 mM EDTA, 1% [mass/vol] SDS) at 65°C for 10 min. Forty-microliter aliquots of the immunoprecipitated samples were un-cross-linked by the addition of 32 g pronase and incubation for 2 h at 42°C and 6 h at 65°C. DNA was purified using a PCR purification kit (Qiagen, Germany). All ChIP assays were performed in duplicate.
The precipitated DNA was amplified and used as a probe in the P. aeruginosa genome tiling array. The amplification was based on previously described Affymetrix protocols (GeneChip P. aeruginosa genome array package insert; Affymetrix, Santa Clara, CA). Briefly, DNA was incubated with deoxynucleoside triphosphates (dNTPs), Sequenase (USB, Cleveland, OH), and a random primer [GTTTCCCAGTCACGGTC(N) 9 ] at 37°C, followed by inactivation of the Sequenase at 95°C. This procedure was repeated three times. After DNA purification with a PCR purification kit (Qiagen), DNA was PCR amplified using the corresponding primer (GTTTCCCAGTCACGGTC) and a dNTP/dUTP mix (10 mM dATP, 10 mM dCTP, 10 mM dGTP, 8 mM dTTP, and 2 mM dUTP). DNA was purified using a PCR purification kit (Qiagen). Approximately 7.5-g aliquots of amplified DNAs from the control IP and the DNA binding protein (DBP) IPs were fragmented (to 50 to 500 bp) and labeled using a GeneChip WT double-stranded DNA terminal labeling kit (Affymetrix) according to the manufacturer's instructions. The biotin-labeled DNA was hybridized to an Affymetrix P. aeruginosa genome chip as described previously (19) . Enrichment of hybridization signals was calculated with Tiling Analysis Software (TAS; Affymetrix) for two independent DBP IPs compared to two independent control IPs (the bandwidth parameter was set to 150 bp). For each gene (using the PAO1 annotation taken from http://www.pseudomonas.com), the promoter region was defined as the sequence from bp Ϫ350 to Ϫ1 with respect to the ATG start codon, excluding overlap of upstream coding regions. Promoter enrichment was defined as the maximum enrichment found within the promoter region.
NmoR (PA4203) protein expression and purification. The recombinant expression vector pET24a-4203 was introduced into E. coli BL21(DE3)/pLysS. Transformants were grown for 4 to 5 h, to an OD 600 of 0.7, and induced with 0.1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) for 14 h at 28°C. The harvested cells were resuspended in binding buffer (30 mM Tris-HCl [pH 7.4], 500 mM NaCl, 10 M ␤-mercaptoethanol, and 5 mM imidazole) and disrupted by pulsed sonication. The clear lysate was centrifuged at 12,000 ϫ g for 15 min, and the clear supernatant was loaded onto and purified with a Hi-Trap FF column (Amersham Biosciences, GE Healthcare) integrated by an Akta fast-performance liquid chromatography (FPLC) system (Amersham Biosciences, GE Healthcare). The proteins were eluted using elution buffer (30 mM Tris-HCl [pH 7.4], 500 mM NaCl, 10 M ␤-mercaptoethanol, and 250 mM imidazole). The purity of the His-tagged NmoR protein was verified as Ͼ95% homogeneity after 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (Invitrogen). The purified PA4203 protein was dialyzed against 50 mM Tris-HCl (pH 7.5), 50 mM NaCl, 1 mM EDTA, and 10% glycerol. The protein concentration was determined using a QuantiPro BCA assay kit (Sigma) and a NanoDrop 1000 spectrophotometer (Thermo Scientific). The pooled protein was divided into small aliquots and stored at Ϫ80°C, and aliquots were frozen and thawed individually before each manipulation. In our work, the PA4203 protein was recovered in the soluble fractions in dialysis buffer.
TABLE 2 Primers used in this study
Primer
a Sequences in bold are adaptor sequences complementary to a region in the pMQ30 plasmid. Sequences in italic are the reverse complements of the UP_R and DOWN_F primers, which were necessary for recombination of the up-and downstream fragments. Restriction sites are underlined, and the relevant enzymes are mentioned in parentheses.
Primer extension analysis, EMSAs, and in-gel footprinting. Mapping of transcription start points by primer extension analysis was performed as described previously (20) , using RNAs extracted from cultures of P. aeruginosa PAO1 ⌬nmoR (for PA4202 start point determination) and PAO1/pBBR-4203 (for nmoR start point determination), both grown in LB medium and collected in the exponential growth phase. Primers PA4202-PE (for PA4202) and PA4203-PE (for PA4203) were 5= end labeled with [␥-
32 P]ATP and T4 polynucleotide kinase. Electrophoretic mobility shift assays (EMSAs) were performed with purified 6ϫHis-tagged NmoR protein and single 5=-end-32 P-labeled DNA fragments (about 0.1 nM), generated by PCR amplification with P. aeruginosa PAO1 genomic DNA as the template and the primers 4203-EMSA and 4203-PE (Table 2) , one of which was 5= end labeled with [␥-
32 P]ATP and T4 polynucleotide kinase. Labeled amplicons were purified by polyacrylamide gel electrophoresis. Protein-DNA complexes were formed in binding buffer (10 mM Tris-HCl, 0.8 mM EDTA, 2 mM MgCl 2 , 0.2 mM dithiothreitol [DTT], 100 mM NaCl, 15% glycerol [wt/vol], pH 8.3) for 20 min at 37°C and in the presence of an excess of nonspecific competitor DNA (25 g/ml sonicated salmon sperm DNA). Complexes were separated from unbound DNA by electrophoresis on 6% polyacrylamide gels in TBE buffer (89 mM Tris-HCl, 89 mM boric acid, 0.25 mM EDTA) as described previously (21) . In-gel footprinting with 1,10-phenanthroline-copper ion was performed as described previously (22) . Reaction products were separated by polyacrylamide gel electrophoresis under denaturing conditions. Reference ladders were generated by chemical sequencing methods (23) .
In-frame deletion of the nmoR (PA4203) gene. An in-frame and unmarked nmoR deletion mutant of P. aeruginosa PAO1 was constructed by allelic exchange (24) . Briefly, the flanking regions (ϳ400 bp) of the nmoR locus were amplified and sewed by overlap extension PCR (25), using primers listed in Table 2 . The amplified product was cloned into the pDM4 suicide vector (24) , and the resultant plasmid, pDM4-4203, was introduced into E. coli S17-1 pir. Recombinant clones were used as donor strains to conjugate P. aeruginosa PAO1 by triparental mating with a helper strain harboring the plasmid pRK2013 (26) . P. aeruginosa transconjugants were then selected on LB medium supplemented with chloramphenicol (300 g/ml). Finally, P. aeruginosa ⌬nmoR mutants were counterselected in the presence of LB medium without NaCl supplemented with 10% sucrose. The mutation was confirmed by colony PCR and Sanger sequencing.
Microarray analysis. Total RNAs were isolated from wild-type PAO1 (VUB strain) and the nmoR mutant, which were grown in biological triplicates in LB medium for 14 h at 37°C (OD, ϳ2.0) according to the manuals provided with an RNeasy minikit (Qiagen), followed by immediate DNase I treatment using a DNA-free DNase kit (Ambion). RNA quality and quantity were assessed using an Agilent Bioanalyzer 2100 electrophoresis system (Agilent Technologies) and a NanoDrop ND-1000 spectrophotometer (Thermo Scientific), respectively. cDNA synthesis, fragmentation, and labeling were performed according to the protocol for a GeneChip Pseudomonas aeruginosa genome array (Affymetrix). Ten micrograms of total RNA from each biological condition was used for cDNA synthesis, and a poly(A) RNA control was added to the RNA sample by use of a GeneChip eukaryotic poly(A) control kit (Affymetrix). cDNA synthesis was performed using denatured RNA in a 50-l standard reaction mixture containing the following: 13 ng l Ϫ1 random hexamer primers (Roche), 0.5 U l Ϫ1 SUPERase In (Ambion), 25 U l Ϫ1 SuperScript II reverse transcriptase (Invitrogen), and 0.5 nmol l Ϫ1 dNTPs in a buffer containing 10 nmol l Ϫ1 DTT. Synthesized cDNAs were pooled and purified with a QIAquick PCR purification kit (Qiagen) and quantified spectrophotometrically (Thermo Scientific). Eight micrograms of cDNA was partially digested to a fragment size range of 50 to 200 bp with DNase I (Promega), and fragmentation was verified by performing 2% agarose gel electrophoresis. Fragmented cDNAs were end labeled with biotin-dUTP, using the GeneChip DNA labeling reagent (Affymetrix) and terminal deoxynucleotidyltransferase (Promega), and were hybridized to GeneChip Pseudomonas aeruginosa genome arrays (Affymetrix) according to the manufacturer's instructions. Washing and staining of the arrays were performed according to the manufacturer's instructions, using a model 450 fluidics station (Affymetrix). Microarray slides were scanned using a model 2500 GeneArray scanner (Agilent Technologies) and Affymetrix MAS 5.0.
Raw Affymetrix data were preprocessed in the R environment by use of BioConductor packages, including affy, affyPLM, simpleaffy, and limma. The primary processing included (i) background correction based on the robust multichip average (RMA) convolution model; (ii) quantile normalization to make expression values from different arrays more comparable; and (iii) summarization of multiple probe intensities for each probe, set to one expression value per gene by use of the RMA model. Only fold change ratios with adjusted P values of Ͻ0.05 were included as statistically significant. Microarray analysis was performed on all three biological replicates.
Generation of an nmoA (PA4202) deletion mutant. The nmoA deletion mutant could not be obtained by using the same procedure used to generate the nmoR mutant and was therefore constructed using the in vivo recombination system of the yeast Saccharomyces cerevisiae InvSc1 (27, 28) . Briefly, up-and downstream fragments were amplified using the PA4202-UP-F/R and PA4202-DOWN-F/R primer pairs, respectively (Table 2), and purified using a QIAquick PCR kit. Equal amounts (3 to 4 g) of the purified PCR fragments, 1 g of BamHI/EcoRI-digested pMQ30 shuttle vector, and 20 l of boiled salmon sperm carrier DNA (2 mg/ml; Sigma) were added to 0.5 ml of "lazy bones" solution (40% polyethylene glycol [PEG] 3350, 0.1 M lithium acetate, 10 mM Tris-HCl, pH 7.5, 1 mM EDTA)-resuspended S. cerevisiae cells. This mixture was vortexed for 1 min and then incubated overnight at room temperature, followed by a heat shock of 12 min at 42°C. The cells were then centrifuged, resuspended in 150 l TE, and plated on SDϪuracil medium. These were incubated for 3 to 4 days at 30°C.
The plasmid was extracted from the yeast by use of a Qiagen plasmid miniprep kit, with some adaptations. The yeast cells were lysed by vortexing for 5 min with acid-washed glass beads, and the supernatant was transferred to a new Eppendorf tube. Qiagen buffers P1, P2, and N3 were added as recommended by the manufacturer and centrifuged for 10 min at 13,000 rpm and 4°C. The supernatant was transferred to a new Eppendorf tube, and 0.8 volume of isopropanol was added, mixed well, and placed at Ϫ20°C for 1 to 2 h, followed by 10 min of centrifugation at 13,000 rpm. The pellet was washed twice, once with 100% and once with 80% ice-cold ethanol, and then resuspended in 30 l nuclease-free water. The deletion plasmid was mobilized into P. aeruginosa PAO1. Briefly, 5 l of purified pMQ30-⌬4202 was electroporated (400 ⍀, 2.5 kV, and 25 F) into 100 l of electrocompetent E. coli WM3064 cells, grown for 2 to 3 h in LB with 600 M DAP, and plated onto LB with 600 M DAP plus 20 g/ml gentamicin (Gm). Positive transformants were used for conjugation of the deletion plasmid into PAO1 and selected on LB with 100 g/ml Gm. The transconjugants, which had lost the suicide vector, were grown in LB-NaCl with 10% sucrose, and serial dilutions (10 Ϫ6 and 10 Ϫ7 ) were plated on LB and checked on LB and LB with 100 g/ml Gm. Transconjugants that grew on LB but not on LB with 100 g/ml Gm were verified for the deletion by PCR.
qRT-PCR. Bacterial cells were harvested at the stationary phase (16 h of growth), and total bacterial RNA was extracted using an RNeasy minikit (Qiagen, Germany), followed by immediate DNase I treatment using 1 U DNase I (Roche) for 2 h at 37°C and then a 5-min inactivation of the DNA at 80°C. The RNA was tested for the following: (i) DNase I activity, by incubating 100 ng of PAO1 genomic DNA with 1 l of total RNA for 2 h at 37°C; and (ii) DNA contamination, by a PCR using the oprI primers (Table 2) . Finally, the RNase-DNase-DNA-free RNA was stored at Ϫ80°C. Before starting quantitative reverse transcription-PCR (qRT-PCR), the RNA was first checked for its purity and concentration by using gel electrophoresis and spectrophotometry (NanoDrop ND-1000; Thermo Scientific). First-strand cDNA was then reverse transcribed from ϳ400 ng of total RNA by using a ProtoScript first-strand cDNA synthesis kit (New England BioLabs). Briefly, the RNA was mixed with random hexameric primers and denatured for 5 min at 70°C. Moloney murine leukemia virus (M-MuLV) enzyme mix and buffer were added and incubated for 5 min at room temperature, followed by 1 h of incubation at 42°C. cDNA synthesis was finally stopped by incubating the reaction mixture for 5 min at 80°C. The qPCR itself was performed in a Bio-Rad MyIQ2 iCycler (Bio-Rad) with Bio-Rad IQ SYBR mix. For all primer sets (Table 2) , the following cycling parameters were used: 95°C for 5 min followed by 40 cycles of 95°C for 30 s and 55°C for 1 min. The oprI gene was used to normalize gene expression (29) . All amplification products were checked on a 2% agarose gel. For statistical analysis of relative gene expression, the 2 Ϫ⌬⌬CT method was used (30) . Results were analyzed with GraphPad Prism 5. All experiments were done in biological triplicates.
Measurement of NO 2 release. To determine the NO 2 and NO concentrations, the Griess reagent assay was used. Briefly, after 24 h of biofilm formation, the M9 medium of the 96-well plates was transferred by use of a multichannel pipette into a new 96-well plate, in which the OD 600 was measured using a Magellan reader (Tecan). One hundred microliters of Griess reagent (50 l of 0.1% N-1-naphthylethylenediamine dihydrochloride in H 2 O and 50 l of 1% sulfanilamide in 5% phosphoric acid) was then added to 50 l of M9 medium. Finally, the OD 540 was measured using a Magellan (Tecan) reader and normalized to the OD 600 . In order to quantify the NO concentration, a nitrite standard reference curve was prepared using different NO 2 Ϫ concentrations, ranging from 0 to 100 M, dissolved in the medium that was used for the biofilm assays. Three replicates for each [NO 2 Ϫ ] were used. PA4203::luxCDABE fusion measurements. The PA4203::luxCDABE transcriptional fusion strain was obtained from a previously described mini-Tn5-lux transposon mutant library (31) . The entire nmoR coding region, together with sequences of 167 bp upstream and 85 bp downstream, was PCR amplified with primers PA4203-Comp-Fw (5=-GGGGT ACCCATGGGTGCCTGGATGAT-3=; underlined letters denote a KpnI site) and PA4203-Comp-Rv (5=-CCCAAGCTTTCTCATGGGCAACTC CTT-3=; underlined letters denote a HindIII site), using high-fidelity Taq polymerase (TaKaRa). The amplicon was digested, purified, and ligated into the KpnI-HindIII-treated broad-host-range vector pBBR1MCS (32) . The resultant vector was named pBBR-4203 and reintroduced into S17-1 for subsequent mating. PA4203::lux/pBBR-4203 was generated through biparental mating, using PA4203::luxCDABE as the recipient and S17-1/ pBBR-4203 as the donor. The recombinant strains were selected using appropriate doses of antibiotics (50 g/ml of tetracycline and 300 g/ml of chloramphenicol). The empty pBBR1MCS vector was similarly introduced into the PA4203::luxCDABE strain and used as a control strain, termed PA4203::lux/pBBR. The luminescence signal was read using a Sirius luminometer detection system (Berthold Detection Systems, Pforzheim, Germany) according to the recommendations from the manufacturer.
Microarray data accession number. The microarray data have been deposited in the GEO data bank under accession no. GSE59876.
RESULTS
In silico analysis of the ddlA-nmoA-nmoR-ppgL locus in Pseudomonas aeruginosa genomes. The organization of the ddlA, nmoA, nmoR, and ppgL genes, based on the PAO1 annotation (5), is shown in Fig. 1B . The PA4201 to PA4204 genes (ddlA-nmoAnmoR-ppgL) are conserved in all sequenced P. aeruginosa genomes available in the Pseudomonas Genome Database and have the same genomic organization (5). Although putative orthologs of nmoA are present in other Pseudomonas genomes, the genomic context is not conserved, being different even for each species, and there is no gene coding for a LysR regulator (5) . The PA4202 gene product is annotated as a nitropropionate dioxygenase in the Pseudomonas Genome Database (5), but our recent results clearly demonstrated that PA4202 encodes a nitronate monooxygenase (NMO), which we termed Pa-NMO (16) . Pa-NMO (termed NmoA here) is a flavoprotein that contains noncovalently bound flavin mononucleotide (FMN), and its best substrate is P3N, although it can oxidize other primary and secondary nitronates (16) . One characteristic of the P. aeruginosa genomic organization is the presence of short intergenic regions between nmoA and nmoR (107 nucleotides) and between nmoR and ppgL (79 nucleotides). To determine whether the ddlA-nmoA and nmoR-ppgL genes form an operon, primers were designed to amplify cDNAs overlapping the different open reading frames (ORFs) after RNA extraction. The results presented in Fig. 1C show that nmoA and ddlA are indeed cotranscribed, and the same result was observed for the cotranscription of nmoR and ppgL.
Effects of nmoR regulator gene deletion on its own expression and that of neighboring genes. As the first step to find out whether NmoR regulates nmoR's neighboring genes, a markerless nmoR chromosomal deletion was obtained using a method similar to the one used by Datsenko and Wanner (33) . In LB medium, the ⌬nmoR mutant grew as well as the wild type (see Fig. S1 in the supplemental material). Comparison of the levels of transcription of the wild type and the ⌬nmoR mutant by real-time RT-PCR showed that the expression of nmoA was highly increased (more than 20 times) in the ⌬nmoR strain, while there were modest but significant increases of the transcription levels of ddlA (2 times) and ppgL (3 times) (Fig. 1D) . Likewise, the presence of the nmoR gene in trans restored complete repression of the expression of nmoA as measured by quantitative real-time PCR (see Fig. S2 ). We concluded from this experiment that NmoR is a repressor of nmoA and, to a lesser extent, of ppgL. This result was further confirmed using an nmoR-lux (PA4203-lux) fusion: light emission was detected in the wild type containing the empty pBBR vector but not in the wild type containing pBBR-PA4203 (see Fig. S3 ), indicating that nmoR encodes a repressor of its own transcription.
ChIP with microarray technology (ChIP-chip) determined that the nmoA-nmoR intergenic region is the sole direct binding site across the PAO1 genome. To detect other possible NmoR regulator target genes, a chromatin immunoprecipitation approach was used. This experiment was performed in parallel with and using the same techniques as the determination of the P. aeruginosa OxyR regulon (10) . Despite the fact that the data for OxyR and NmoR were obtained using the same setup and at the same time, only one unique binding place was found for NmoR, covering the intergenic region between nmoA and nmoR, and possibly overlapping the nmoR coding region (Fig. 2) , while more than 50 potential binding sites in different intergenic regions were found for OxyR (10) . This result further validates the role of NmoR as a repressor of its own and nmoA expression.
Organization of the intergenic nmoA-nmoR promoter-operator region. To analyze the interaction of NmoR with the intergenic nmoA-nmoR control region, a recombinant 6ϫHis-tagged NmoR protein was used in EMSAs with a 195-bp fragment encompassing the intergenic control region. As shown in Fig. 3A Although binding occurred with a rather low affinity, complex formation proved to be specific, as it was resistant to a huge excess of nonspecific sheared salmon sperm competitor DNA and did not occur with an unrelated fragment of similar size (E. coli lysP upstream sequence) (see Fig. S4 in the supplemental material). Since no clear start point of transcription for PA4202 (nmoA) or PA4203 (nmoR) could be determined in a previously performed and published RNA sequencing (RNA-seq) analysis (34) , likely due to low transcript levels, in particular for the nmoR gene, we decided to determine the transcription initiation sites of nmoA and nmoR by primer extension with RNAs extracted from a ⌬nmoR deletion mutant (overexpressing nmoA) and from a PAO1 recombinant bearing the nmoR gene under the control of its own promoteroperator region on plasmid pBBR-1-MCS, respectively. Primer extensions with these RNAs generated weak but reproducible signals indicative of the presence of low-abundance transcripts, initiated at the A residue 44 nt upstream of the AUG initiation codon of nmoA and at the A residue 36 nt upstream of the AUG initiation codon of nmoR ( Fig. 3B and C) . Because these start sites are only 26 nt apart, it is evident that the promoter elements of the divergently transcribed genes must largely overlap. To further identify the binding site(s) for NmoR in the intergenic region, we performed in-gel footprinting of the NmoR-operator complex with 1,10-phenanthroline-copper ion. The results indicate weak protection of a 40-bp region extending from positions Ϫ18 to ϩ22 with respect to the start point of its own transcription (positions Ϫ9 to Ϫ48 with respect to the start of the divergently transcribed nmoA gene) (see Fig. S5 in the supplemental material). This zone largely overlaps the promoter elements of the two divergently transcribed genes and explains both negative autoregulation and repression of nmoA by NmoR. Transcriptome comparison of wild-type P. aeruginosa and the ⌬nmoR mutant. Although LysR regulators are known to regulate neighboring genes as is the case for NmoR (see the previous section), in some cases they can directly or indirectly regulate the expression of other genes. Table 3 shows the results of a microarray transcriptome comparison of wild-type PAO1 and the ⌬nmoR mutant. As expected, NmoR repression of nmoA transcription was confirmed, since the levels of nmoA transcripts were 10-fold higher in the ⌬nmoR mutant. Other genes were also found to be under negative control of NmoR, especially PA1225, encoding an NAD(P)H dehydrogenase/flavodoxin enzyme (almost 90-fold higher), and the hemO gene, encoding a heme oxygenase. Unexpectedly, several genes were found to be downregulated in the ⌬nmoR mutant, including the genes for the synthesis and uptake of the two P. aeruginosa siderophores, pyochelin and pyoverdine. Expression of the PA0709-gloA2 operon was also strongly downregulated in the ⌬PA4203 mutant. These two genes code for proteins involved in detoxification of toxic compounds. Although the LysR regulator gene mexT was only mildly downregulated in the ⌬nmoR mutant (by a factor of 3), the majority of its direct regulon target genes, i.e., PA2486, mexS, mexE, PA2759, PA3229, PA4623, and PA4881 (35) , were strongly repressed in the ⌬nmoR mutant. Some of the differentially regulated genes detected by the microarray analysis were further investigated and validated by quantitative real-time PCR (Table 3 and Fig. 4 ; see Table 3 ). In agreement with the transcriptome analysis, the PA1225 gene was the most highly derepressed gene in the ⌬nmoR mutant, while the nmoA gene repression by the NmoR regulator could also be confirmed. We also confirmed the higher levels of expression of the gloA2, mexE, and pvdA genes in the wild-type strain, and also of genes coding for hypothetical proteins belonging to the MexT regulon (PA1970, PA2486, PA2759, PA3229, PA4623, and PA4881). It is interesting that PA1970, PA2759, PA3229, PA4623, and PA4881 encode exported proteins with a signal peptide, some of which are lipoproteins (36) .
EMSAs were also performed with the intergenic upstream region of PA1225 and other differentially regulated genes, but no band shift was observed, suggesting that NmoR does not recognize a DNA motif upstream of these genes, in line with the chromatin immunoprecipitation results presented in Fig. 2  (results not shown) .
Introduction of the nmoR mutation into another P. aeruginosa PAO1 strain. Since it has become evident from recent data that wild-type PAO1 strains from different laboratories have mutations in the mexT and mexF genes (37), we decided to investigate whether our PAO1 VUB wild type had functional mexT and mexF genes. The high expression levels of the genes, known to be under direct control of MexT in the wild-type strain (Table 3 and Fig. 4) , suggested that the regulator was functional in our VUB wild-type strain. Sequencing of the complete mexT gene in the VUB wild type and in the ⌬nmoR mutant confirmed the absence of the 8-bp insertion present in the University of Washington PAO1 strain, which is known to render MexT inactive. We therefore concluded that MexT is active in the ⌬nmoR mutant as well. We next decided to delete the nmoR gene from another PAO1 strain (the PAO1 UK strain from the University of Nottingham). This strain was described as the C-PAO1 strain by Luong et al. (37) . Confirming the results of Luong et al., both the wild type and the nmoR mutant had a 2-bp deletion, at positions 905 and 906 of mexT, resulting in a frameshift (see Fig. S6 in the supplemental material). As shown in Fig. 5A , the expression of the MexT-regulated genes (PA2493, PA4623, and PA4881) was extremely low or undetectable in the PAO1 UK strain, confirming the inactivation of MexT in this strain. The results presented in Fig. 5B show that the expression of both the PA1225 and PA4202 genes in the PAO1 UK ⌬PA4203 strain was still upregulated, suggesting that their transcription is MexT independent. Characterization of a ⌬nmoA mutant. Since our results confirmed that nmoA is apparently the only gene to be regulated directly by NmoR, we hypothesized that the differentially expressed genes were the result of an indirect effect resulting from the overexpression of the NmoA P3N monooxygenase in the ⌬nmoR strain (Fig. 1B) . To gain better insight into the activity of NmoA, we generated a mutant with a deleted nmoA gene as described in Materials and Methods. After several unsuccessful attempts to obtain the mutant by the same method as that used to generate the ⌬nmoR mutant, we shifted to another approach based on the use of yeast cells as a recombination intermediate. The ⌬nmoA mutant was finally obtained using this approach, and we first verified that the expression of the ddlA gene was not significantly different despite the previous observation that the two genes could form an operonic structure (Fig. 1C) . The expression of ddlA was not changed in the ⌬nmoA mutant compared to the wild type (results not shown), suggesting that although a bicistronic transcript encompassing the nmoA and ddlA genes was detected, there must be another internal promoter directing the transcription of ddlA, which was confirmed by a recent RNA-seq comparison of a P. aeruginosa PA14 strain grown at 28°C and 37°C, which revealed a strong internal promoter just upstream of ddlA, in the intergenic region between PA4202 and ddlA (34) (see supplemental material at http://www.weizmann.ac.il/molgen/Sorek/pseudomonas_browser/viewer/index.php ?metaϭpseudo&jumpϭPA14,PAO1,sRNAs,asRNAs&accession ϭNC_008463#823725). Since the nmoA gene product is still erroneously annotated as a nitropropionate dioxygenase (5) but is actually a P3N monooxygenase (16), we compared the growth of the wild type and the ⌬nmoA and ⌬nmoR mutants (in the VUB strain background) in the presence of 3-NPA and its derivative, P3N. Figure 6 shows a comparison of the growth rates of the wild type and both the ⌬nmoA and ⌬nmoR mutants in the absence and presence of increasing concentrations of the two compounds. The ⌬nmoA mutant was clearly less able to grow in the presence of high concentrations of P3N. Surprisingly, growth of the ⌬nmoR mutant was also decreased in the presence of P3N, although to a lesser extent. This result confirms that nmoA encodes a nitronate monooxygenase and that P3N is its preferred substrate (11, 12, 16) . The same results were obtained in the PAO1 UK strain background (results not shown). Since the nitronate monooxygenase activity of NmoA generates NO 3 and NO 2 Ϫ , we measured the NO 2 Ϫ release of cells exposed to increasing concentrations of 3-NPA, and the results, presented in Fig. 7 , show that the ⌬nmoA cells released less nitrite than the wild type or the ⌬nmoR mutant and that the addition of increasing concentrations of 3-NPA resulted in increased NO 2 Ϫ release in the wild type and the ⌬nmoR mutant but not in the ⌬nmoA mutant, in agreement with the reaction scheme presented in Fig. 1B .
DISCUSSION
In this study, we demonstrated that the PA4202 (nmoA) gene, which is conserved in all P. aeruginosa genomes, is indeed involved in the detoxification of 3-NPA (or P3N) and is the only gene that is directly regulated by the LysR regulator encoded by PA4203 (nmoR). NmoR acts as a repressor of its own expression and of the NmoA nitronate monooxygenase gene by binding in the short intergenic region between the two genes. Despite the fact that only one binding site for the NmoR regulator was found in the genome of PAO1, the deletion of the nmoR gene had a profound effect on the expression of many genes, as shown by the microarray experiment results presented in Table 3 and in Table S1 in the supplemental material. A recent publication highlighted the differences between PAO1 strains in different laboratories (37) . The strain used in this study clearly has the P1 phenotype, characterized by the absence of an 8-bp insertion in the mexT gene. Our strain corresponds to the D-PAO1 strain described by Luong et al. (37) , which is characterized by the presence of a functional MexT LysR regulator and a nonfunctional MexEF-OprN pump. It is interesting that all the described MexT-dependent genes (PA1970, PA2486, mexE, PA2759, PA3229, PA4623, and PA4881) were highly expressed in the wild type but were expressed at very low levels in the ⌬nmoR mutant, although both strains were confirmed to have an intact mexT gene. nmoR gene expression is induced by 4 h of contact with human airway epithelial cells, which also causes a decrease in the transcription of the pyoverdine and pyochelin genes (38) , but the induction of nmoR is transient, since it is not observed after 17 h of contact, while the downregulation of the pyochelin genes increases. The binding of the NmoR repressor to the nmoA-nmoR intergenic region was weak. Attempts to discover a possible ligand for NmoR did not lead to conclusive results. Although some increased binding of the regulator was found with increasing concentrations of 3-NPA, the very high concentrations that were used probably mean that 3-NPA is not the true ligand for the PA4203 repressor. The ligand may well be the end product of the reaction, malonic semialdehyde. Given the unavailability of this molecule due to its high level of instability, we could not test this hypothesis. The presence of a mechanism for detoxification of nitro toxins, such as 3-NPA and propionate-3-nitronate, in all P. aeruginosa genomes raises several questions. The P3N toxin inhibits the TCA cycle by poisoning the enzymatic activity of the succinate dehydrogenase and has been documented to be produced only by some plants and fungi (11) (12) (13) 39) . Plants and fungi therefore have a mechanism for preventing their own poisoning by producing NMOs (12) . Many bacterial genomes contain genes encoding nitronate monooxygenases, although the production of the above-mentioned nitro compounds has not been evidenced in bacteria so far (11) . The genome of P. aeruginosa PAO1 contains three genes which are annotated as NMO genes: PA0660, PA1024, and PA4202 (40) . In a previous report, it was demonstrated that a close homologue of the PA4202 NMO in Pseudomonas sp. strain JS189 is indeed involved in the biodegradation of 3-NPA (41) . In this study, we showed that the PA4202 NMO (NmoA) is probably the major enzyme involved in the detoxification of 3-NPA and P3N, although the relative contributions of the other two annotated NMOs cannot be ruled out. While the presence of NMOs in bacteria interacting with plants and fungi can be explained as a defense mechanism against nitro toxins, there is evidence that they can have an unsuspected influence on survival and adaptation, as evidenced by a recent report of the importance of nitronate monooxygenase for the virulence of Mycobacterium tuberculosis (42) . Accordingly, this study shows that the presence of NmoA has physiological implications, since deletion of the NMO gene affected the levels of transcription of several genes. The results (presented as supplemental data in that study) of a recent RNA-seq study comparing the levels of expres-sion of P. aeruginosa PA14 genes of cells grown at 28°C and 37°C show that these two genes, especially nmoR, are expressed at very low levels (34). Despite this low-level expression, deletion of the nmoR regulator gene had a striking effect by derepressing the transcription of the PA1225 gene, encoding an NAD(P)H dehydrogenase. The PA1225 gene is monocistronic, but any direct binding of PA4203 to the upstream intergenic region was ruled out in this study, suggesting that the effect might be due to the overexpression of nmoA. In a recent publication, Ryan et al. suggested that the PA1225 protein is a soluble quinone reductase involved in the detoxification of quinones by their reduction to quinols (43) . Further work will be needed to investigate the function of this dehy-
FIG 6
Growth of PAO1 VUB wild-type (squares), VUB ⌬nmoR mutant (black triangles), and VUB ⌬nmoA mutant (white triangles) strains in minimal M9 glucose medium in the absence and presence of increasing concentrations of P3N.
FIG 7
Effect of addition of P3N on production of NO 2 , measured using Griess reagent staining. All experiments were done in M9 glucose minimal medium, using the wild-type (black bars) and ⌬nmoA (gray bars) and ⌬nmoR (white bars) mutant strains. P3N addition caused increases in NO production in the wild-type and ⌬nmoR mutant strains, but much less so in the ⌬nmoA mutant. All experiments were done in the VUB strain background but were confirmed with the PAO1 UK strain (results not shown). drogenase. Interestingly, several genes involved in detoxification mechanisms are controlled by NmoR (nmoA, ppgL, and PA1225). The results presented in this study raise several questions. Why is the nmoA gene regulated by a LysR repressor in P. aeruginosa and not in other pseudomonads? Is 3-NPA or another nitronate produced by P. aeruginosa and, if yes, by which biosynthetic pathway?
In conclusion, our study suggests that the role of the P. aeruginosa NMO is probably not limited only to the detoxification of 3-NPA or P3N produced by plants and fungi and that this NMO has an important function in the physiology of P. aeruginosa, as a modulator of the expression of several genes.
